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In this paper we desribe a graphene p-n juntion reated by hemial doping.
We nd that hemial doping does not redue mobility in ontrast to top-gating.
The preparation tehnique has been developed from systemati studies about
inuenes on the initial doping of freshly prepared graphene. We investigated
the removal of adsorbates by vauum treatment, annealing and ompensation
doping using NH3. Hystereti behavior is observed in the eletri eld eet
due to dipolar adsorbates like water and NH3. Finally we demonstrate spatially
seletive doping of graphene using patterned PMMA. 4-terminal transport mea-
surements of the p-n devies reveal edge hannel mixing in the quantum hall
regime. Quantized resistanes of h/e2, h/3e2 and h/15e2 an be observed as
expeted from theory.
Sine its disovery in 2004 (1) graphene, a single layer of hexagonally arranged arbon
atoms, has developed into a fasinating material for researh. Graphene's unusual band
struture allows eletri eld tuning of both arrier type and onentration. The easily
aessible surfae oers unique possibilities for fabriating low dimensional systems. Chem-
ial doping with gases has for instane been demonstrated in 2007 (2). With loal gates
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on top of graphene (3; 4) transport measurements in p-n juntions have been reported (5).
Theoretial studies have predited among others phenomena suh as Klein tunneling (6)
and Veselago lensing in ballisti p-n juntions (7).
Controlling the intrinsi doping as well as the apability to hange the arrier density
loally are very important issues for graphene devies. In previous works it has been shown
that graphene is extremely sensitive to moleular adsorbates (2) and top gates have been
used to ontrol the arrier density in seleted areas of the sample (3; 4). The tuning a-
pability of a top-gated p-n juntion goes at the expense of redued sample quality. The
mobility drops due to the presene of the top-gate oxide. Here we demonstrate a dierent
tehnique based on hemial doping to hange the arrier density in seleted areas of the
graphene samples. As we show later hemial doping does not redue the sample's mobil-
ity if exeuted at room-temperature. Initially, we investigated the inuene of moleular
adsorbates on the eld eet behavior of graphene to gain a better understanding on how
to manipulate the adsorbates. For spatial ontrol resist masks have been used whih an
be easily patterned with e-beam lithography. Parts of a graphene sample are overed by
the resist while the unovered parts an be exposed to dopants like NH3. This tehnique
allows us to reate arrier density steps and hene provides an alternative route to fabriate
p-n juntions. The overall density an be tuned with the help of a global bak-gate. The
eletroni transport properties of these p-n devies were investigated in a four terminal ge-
ometry as a funtion of the magneti eld and arrier density. In the quantum Hall regime,
our measurements yield evidene for edge hannel equilibration similar to what has been
demonstrated in a two terminal geometry (5).
Individual graphene akes were prepared on highly n-type doped Si-substrates with a
300 nm thik thermally grown SiO2 layer at the top using a miromehanial leavage
method, similar to the one desribed in Ref. (1). Monolayers were identied with the help
of optial mirosopy (8) and Raman spetrosopy (9). Cr/Au (3nm/30nm) ontats were
patterned via eletron beam lithography. The global density of the sample an be hanged
2
by applying a voltage to the bakside of the doped Si-substrate. Four-terminal resistane
measurements were performed in a Hall bar onguration with a sinusoidal soure-drain
urrent of 100 nA. A typial ontat geometry used to explore spatially seletive hemial
doping is shown in 1. The present paragraph fouses on similarly ontated graphene
samples but without partial PMMA (Polymethylmetharylate) overage. The sample was
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Figure 1: A ontated graphene mono layer with a patterned layer of PMMA on top. The white dashed
line highlights the edges of the graphene ake. Two windows in the PMMA allow to seletively dope the
ake underneath in these regions. This proedure results in three independent p-n juntions (numbers in
irles) for this partiular design. Contats used as soure (S), drain (D) and voltage probes (1 to 6) are
labeled.
mounted in a sample stik with the following apabilities: (i) The sample spae an be
evauated down to 10
−5
mbar. (ii) Gases suh as NH3, Ar, He and O2 an be introdued in
a ontrolled fashion. (iii) The sample an be heated up to 420K. In addition, it is possible
after heat or gas treatment to transfer the sample into helium atmosphere and ool it down
to 1.5K without any exposure to air. The resulting experimental set-up an be used to
hemially dope the ake, ontrol the value of the doping onentration in situ at room
temperature (RT) and subsequently freeze it in the ryostat to arry out low temperature
transport studies in magneti elds up to 12T.
Our studies rst address the room temperature eld eet harateristis on freshly pre-
pared akes under ambient onditions. The four terminal sample resistane exhibits strong
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hystereti behavior. When omparing up and down sweeps of the bak-gate voltage the
resistane reahes a maximum at dierent bak-gate voltages for the two sweep diretions
as illustrated in 2a. The peaks are shifted by as muh as 10V whih orresponds to a
density dierene of 0.8·1012 m−2. For samples with higher initial doping the hysteresis
or splitting is even larger (for instane 3a, dotted urve). The observed behavior is known
from arbon nanotubes (10) and was attributed to dipolar adsorbates suh as water whih
at as harge traps. When exeuting subsequent up and down sweeps, small deviations from
the rst yle are observed. The splitting however stays onstant. This has been veried
for up to 10 yles. Sine harge trapping by water is a dynami proess it depends on the
sweep onditions of the applied gate voltage. Low sweep rates result in a large splitting
of the resistane peaks as shown in 2b. We display urves for two dierent values of the
sweep rate: 0.25V/s and 1.75V/s. A seond relevant parameter is the sweep interval, i.e.
the amount of harge injeted into the sample. A large voltage span suh as [-70V, 70V℄
produes a large splitting. 2 displays data reorded for two gate-voltage sweeps: from -70
to 70V and -20 to 20V. Other sweep onditions yield a onsistent dependene as shown in
2d.
In order to inuene the sample's initial doping and the hysteresis desribed above we
treated samples under various onditions. The three important parameters, whih were
explored, are (i) vauum down to 10
−5
mbar, (ii) temperatures of about 420K and (iii) gas
atmosphere in the sample hamber. Changes in the sample quality and doping by varying
these parameters were assessed by investigating the following sample harateristis: (1)
The existene of hysteresis in the eld eet behavior, whih an be aused by the presene
of dipolar speies. (2) The bak-gate voltage at whih harge neutrality is ahieved. It serves
as an indiator for the amount of (unintentional) doping. (3) The resistane/ondutane
at the harge neutrality point. It reets the degree of density inhomogeneity in the sample.
(4) Finally, the mobility dierene between Dira eletrons and holes. It is governed by the
type and number of doping adsorbates. In the following paragraphs, we will disuss how
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Figure 2: (a) Hysteresis in the eld eet behavior of a low doped graphene monolayer under ambient
onditions. The measurement was reorded by starting from zero bak-gate voltage (blak-dot), sweeping
to +70 V, then -70 V and bak to zero. The hysteresis is attributed to dipolar adsorbates suh as H2O.
The arrows indiate the sweep diretion. The measurement was exeuted at a sweep rate of 0.5 V/s. The
dotted retangle marks the gate voltage span plotted in panels b and . (b) Field eet hysteresis for two
dierent gate voltage sweep rates: 0.25 V/s and 1.75V/s. The gate voltage is swept in the range of [-70,
70℄ V. () The same measurement as in b but here the voltage span serves as the parameter:[-20, 20℄ V and
[-70, 70℄ V. The sweep rate is equal to 0.5 V/s. (d) Splitting as a funtion of the voltage interval (bottom
x-axis in blak) and sweep rate (top x-axis in red). The red/blak dotted lines are guides to the eye.
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eah of these harateristis hange.
Vauum treatment: Keeping a freshly prepared sample under 3·10−5mbar at room tem-
perature for several hours strongly hanges the eld eet behavior. It diminishes the
hysteresis and frequently also auses a shift of the harge neutrality point loser to zero
bak-gate voltage. An example is shown in 3a. The hysteresis has nearly vanished after
pumping down to 3·10−5mbar for 15 hours (blak urve). The harge neutrality point lies
in between the peaks of the up and down sweep reorded prior to sample evauation (blak
dotted line for omparison). After ontinued pumping for a total of 50 hours (blue urve) a
signiant shift of the harge neutrality point is observed. Presumably, this shift is aused
by the gradual desorption of doping adsorbates in vauum. Sine no elevated temperatures
are required to indue a hange, it indiates that at least one adsorbed speies that auses
hysteresis and p-doping is only loosely bond to the graphene surfae. The desorption is also
aompanied by an inrease of the resistane at the harge neutrality point from ≈ 2 kΩ to
≈ 3 kΩ. The non-zero ondutivity at harge neutrality likely originates from the existene
of eletron and hole puddles as demonstrated in sanning SET (single eletron transistor)
experiments (11). Even though on average the sample is harge neutral, loally harge
arriers are available and Klein tunneling ensures that transport aross puddles of opposite
harge polarity is not impeded. The inrease of the resistane at the harge neutrality point
suggests that fewer harge arriers are available in the eletron and hole puddles beause
of a redued amplitude of the density utuations. Finally, note that the blue urve after
50 hours of vauum treatment exhibits a pronouned asymmetry between the eletron and
hole ondution (blue irles mark two voltages where the eletron and hole density are
equal). These observations will be disussed in more detail below.
Sample annealing: Heat treatment is the seond possibility to remove dopants. It is more
eetive than pumping and requires less time. Heat treatment improves the sample quality
in terms of our four riteria: smaller hysteresis, a harge neutrality point loser to zero
bak-gate voltage, a larger resistane at the harge neutrality point and a smaller mobility
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Figure 3: (a) Vanishing hysteresis after 15 hours in vauum at 3·10
−5
mbar (blak urve) for a highly doped
sample. Redued intrinsi doping and hysteresis after 50 hours in vauum (blue urve). The blak dotted
line shows the initial state of the sample after preparation. (b) Field eet behavior after 1 hour (green
urve) and 3 hours (red urve) annealing at 420K and 10
−5
mbar. The blue dotted line is the urve from (a)
after 50 hours in vauum. () Shifting the harge neutral point by hemial doping using NH3. The initial
urve (red) is measured after 3 h annealing. A hysteresis appears due to the dipolar nature of NH3 (similar
to that aused by water but with opposite diretion). (d) Condutane plot of the green and red urve
from 3b to bring out better the dierene between eletron and hole ondution. All measurements in (a)
to (d) were performed at ≈298K. (e) Inuene of doping on the e-h asymmetry. The blak urve shows the
ondutane of a freshly prepared sample at 1.5 K. The red, green and blue urve are measured suessively
after an extra dose of 0.1mmol NH3 was introdued into the sample hamber at room temperature. One
hour after eah additional gas exposure, the sample was ooled bak down to 1.5K for the measurement in
order to freeze out the hysteresis. The equidistant shift of ≈ 12 V to the left between the urves onrms
that NH3 ompensates the initial p-doping. Note that the asymmetry between eletron and hole ondution
is inverted upon doping with NH3 (ompare the blak and blue irles). (f) Plot of the ondutane G0 at
the harge neutral point taken from the data in panel e versus UBG,Dirac.
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dierene between eletrons and holes. This is in agreement with previous reports (see.
Moser et al. (12), Ishigami et al. (13)). We note that heating should proeed under vauum
onditions, but a long term initial pumping is not needed to reah the end result. Pumping
alone might be useful for devies whih should not be exposed to elevated temperatures.
Here we illustrate how the sample that underwent the 50 hour evauation reated to the
heat treatment (3b). The hysteresis has vanished entirely after the anneal. The harge
neutrality point has not shifted muh further. The dierene between the eletron and hole
mobility remains present after a 1 hour anneal (green irles), but has disappeared after
3 hours of annealing (the red irles have no vertial oset). The resistane at the harge
neutrality point slightly dropped after 1 hour of heat treatment, but inreased to about
4 kΩ after a 3 h anneal at 420K in vauum. These observations all suggest that most of
the initially adsorbed speies are removed after annealing. (i) When dipolar adsorbates
are eetively removed during the anneal, the hysteresis will vanish. (ii) When p-dopants
suh as water and oxygen disappear during the anneal, the harge neutrality point will
shift lose to zero bak-gate voltage. (iii) The amplitude of the density utuations in the
sample may drop upon removal of doping adsorbates. It will inrease the resistane at the
harge neutrality point.
Gas exposure: The amount of doping an of ourse also be manipulated by exposing the
sample to suitable gases. In 3 we illustrate doping with NH3. The red urve has been
measured on a sample similar to the one desribed previously after a 3 hour anneal. NH3
ats as an n-type dopant and indeed the harge neutrality point shifts to negative bak-
gate voltages (orange urve) after the ake has been exposed. Hene, part of the initial
p-doping is ompensated. Note that a small hysteresis reappears with opposite sign as in
2. It is attributed to the dipolar nature of the NH3 moleules. An asymmetry between
the eletron and hole side is also learly visible in the orange urve (orange dots), but it is
distint from the asymmetry observed on akes that were not treated with NH3 in 3a and b.
Untreated akes exhibit superior hole ondution, while the NH3 treated ase shows better
8
eletron than hole ondution. 3e illustrates the evolution of the eld eet behavior when
gradually exposing a ake to a larger amount of NH3. The blak solid line represents the
ondutane obtained on the as prepared ake at 1.5K. The sample was then warmed up
in vauum to room temperature and exposed to a dose of 0.1mmol of NH3. After ooling
bak down to 1.5K, the eld eet behavior was reorded again. The same proedure
was repeated several times. For eah additional gas exposure the harge neutrality point
shifted by approximately -12V onrming that NH3 moleules at as n-type dopants. The
ondutane at the harge neutrality point inreases with inreasing gas exposure. It is
plotted in panel f as a funtion of the bak-gate voltage at whih harge neutrality is
reahed. These data suggest that spatial density utuations are enhaned upon doping,
whih would imply that the NH3 moleules get preferentially adsorbed in ertain regions
only and not homogeneously aross the entire ake. This issue may be intimately onneted
with the memory eet observed when akes, whih were treated in vauum are exposed
bak to air. As we showed above, the vauum and heat treatment drastially hanges the
four harateristis. They however return to their initial values (within a tolerane of a few
% only) after a short time (< 1 min) when exposing the ake bak to air irrespetive of the
duration and sequene of treatments. This reversibility adds support to the argument that
doping adsorbates preferentially attah to surfae and edge spei loations of the pristine
ake. A similar argument was invoked previously in Ref. (14). A theoretial desription of
how dopants may aet the ondutane at the harge neutrality point has been reported
by Cheianov et al. (15) and is based on perolation in a random network of resistors.
The experiment with gas exposure in 3e also onviningly demonstrates the polarity
dependent impat of doping adsorbates on the mobility of harge arriers. For the as
prepared ake with substantial initial p-doping due to water and oxygen for instane, hole
ondution exels over eletron ondution when omparing the ondutane values for
idential eletron and hole densities. The same was already seen in panels a-d (in partiular
panel d, where the resistane data of panel b is replotted on a ondutane axis). However,
9
upon exposing the ake to more and more NH3, eletron ondution beomes superior.
The ondutane at idential arrier densities is highlighted for one partiular density with
irles for some urves in the dierent panels to ease the omparison. The development
of this asymmetry between the eletron and hole side is in qualitative agreement with
reent theoretial work (16). It was attributed to the energy dependent sattering potential
generated by moleular adsorbates. The sattering potential suppresses ondutane on one
side of the Dira point depending on the n- or p-type harater of the doping adsorbate,
while for the other side ondutane is only weakly inuened. The deposition of metalli
ontats has also been held responsible for the appearane of an eletron-hole asymmetry
in Ref. (17). These authors have invoked harge-density pinning underneath ontats to
explain this asymmetry. Sanning photourrent mirosopy experiments (18) have indeed
veried that deposited metals ause a doping of graphene and a density pinning in the
viinity of ontats. This doping in turn may be a ause of the observed asymmetry in
Ref. (17). The sign of the asymmetry observed in our experiments for p- and n-doping is
onsistent with the I-V measurements for p- (Au) and n-doping (Ti) metals in Lee et al. (18).
Note that the removal of adsorbates upon vauum and heat treatment largely removes
the mobility dierene between eletrons and holes (3b and , red urves for instane) as
antiipated for ideal graphene in view of the intimate onnetion between Dira eletrons
and holes. Although the asymmetry an be removed we do not observe a signiantly
inreasing mobility after annealing. The mobilities of our freshly prepared samples lie
between 5000 and 8000 m
2
/Vs. Under the PMMA we have mobilities between 3000 and
5000 m
2
/Vs.
In the following setion we demonstrate that hemial doping an be exploited to study
graphene p-n juntions when masking part of the graphene layer with a resist. In a rst
step, ohmi ontats are made to a graphene monolayer using eletron beam lithography.
Subsequently, the sample is oated with a PMMA resist layer of 200 nm thikness. A
seond eletron beam lithography step opens windows in this resist layer. The sample is
10
then mounted in the sample holder with vauum hamber. Exposure to any gas, whih
dopes either n- or p-type, reates a density step at eah boundary between the exposed
graphene and those regions of the graphene ake still overed by PMMA. 1, disussed briey
previously, shows an optial image of suh a ake with two windows in the PMMA layer
on top. The ake itself is demarated by the white dashed line. This devie ontains three
suh p-n juntions (dotted lines), whih are labeled with the enirled numbers. Juntion
1 makes up a two terminal geometry, while the others an be measured in a four terminal
onguration. All data shown in this setion have been aquired using the voltage probes
1 through 6 of juntion 3. The two other devies revealed similar behavior.
After mounting the sample in the sample holder with vauum hamber, it was annealed
in vauum at 420K in order to remove residual adsorbates on those parts of the ake
not overed by resist. The sample hamber evauation and the heat treatment already
introdue a doping step aross the ake, sine adsorbates underneath the PMMA an either
not be removed or diuse only slowly. The arrier density of the overed and unovered
areas an be monitored in situ by measuring the resistane in both regions as a funtion
of the bak-gate voltage during pumping and annealing in vauum at room temperature.
After this proedure the sample is transferred into the ryostat without exposure to air. 4
displays suh eld eet measurements for the PMMA overed (blak line, voltage probes
1 and 2) and the exposed part of the graphene ake (red line, voltage probes 3 and 4)
after evauation and annealing. The harge neutrality points are reahed at bak-gate
voltages of V coveredDirac = 32V and V
uncovered
Dirac = 9V . For the sake of ompleteness we also
show the longitudinal resistane measured aross the juntion (green line, voltage probes 2
and 3). The dierene in the harge neutrality points orresponds to a density dierene of
1.8·1012 cm−2. By hoosing a bak-gate voltage in between (19V ) a p-n juntion is reated.
The inset in 4 depits the I−V harateristi measured between the soure and drain ontat
aross the p-n interfae, whih forms at a bak-gate voltage Vbg = 19V . The measurements
were arried out at 1.5K. The I − V trae does not resemble that of a onventional p-n
11
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Figure 4: Field-eet measurement of a devie as shown in 1. The blak and red urves display the eld-
eet behavior in the PMMA-overed and unovered regions. The two regions exhibit a density dierene
of about 1.8 · 1012 cm−2. The green urve was reorded aross the interfae of the two regions and is a
superposition of the blak and red urves. By hoosing a bak gate voltage in between the harge neutrality
points of both regions a p-n juntion is formed. The p-n region has been highlighted with a gray shading.
The inset shows the I-V harateristis of suh a p-n interfae for a bakgate voltage of 19 V . As theoretially
predited (6) the devie shows no "diode-like" behavior but rather Ohm's law.
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diode in aordane with theory (6). In a onventional semiondutor harge arriers have
to overome a bandgap in order to reah the ondution band. Therefore a onventional
p-n juntion is a diode in ontrast to that in gapless graphene. But the missing gap is not
the only reason for the absene of a diode-like I-V urve in graphene. A deeper reason is
the onservation of the pseudospin whih ats as an additional quantum number. It is a
onsequene of graphene's unusual bandstruture. Pseudospin onservation allows harge
arriers in graphene to tunnel through a potential barrier like a p-n interfae with 100%
eieny at normal inidene, independent of the width and height of the barrier. A gapless
material with a paraboli bandstruture would show an osillating transmission oeient
between zero and one while that of graphene is always one.
Therefore the measured I − V harateristi is ohmi with a resistane of 9 kΩ. The
devie geometry has approximately 1.5 squares. In view of the two terminal ongura-
tion, this resistane still ontains ontributions from the metal ontat-graphene interfaes.
From a omparison with four-terminal resistane measurements, we estimated the ontat
resistane to be below 1 kΩ.
The graphene p-n juntions fabriated by spatially seletive hemial doping were inves-
tigated further in the quantum Hall regime. In graphene one expets an unonventional
integer quantum Hall eet (19; 20) due to the presene of a Landau level at zero energy
(Dira point), whih is shared by both eletrons and holes. Eah Landau level is four
fold degenerate due to the valley and spin degree of freedom. Therefore, when the spin
and valley degeneraies are not lifted the system ondenses in integer quantum Hall states
when the lling fator ν, i.e. the number of lled Landau levels, equals 2, 6, 10, . . . and
−2,−6,−10, . . . with Hall resistane Rxy = h/(e
2ν). Negative lling fators orrespond to
hole llings. In order to avoid parasiti eets from folded/misshaped edges we use graphene
devies patterned into a Hall bar shape with e-beam lithography and oxygen plasma eth-
ing for these experiments. Furthermore the Hall bar geometry has the advantage that the
metal/graphene interfaes of the ontats an be far away from the measured region. The
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reported doping due to metal deposition (18) has then no inuene for a measurement of
the longitudinal resistane itself. The PMMA masking and ontat sheme is similar to the
devie shown in 1. 5a shows the Hall resistane Rxy of two separate regions with dierent
densities n1 and n2. The shift between the harge neutrality points, i.e. the resistane max-
ima, of about 15V orresponds to a density dierene ∆n = |n2 − n1| = 1.2 · 10
12 cm−2.
This value is not arbitrary but was hosen arefully in order to ensure that the two regions
with dierent density simultaneously ondense in distint integer quantum Hall states. The
following ombinations of integer lling fators (ν1, ν2) an be reahed (see 5a) as the bak-
gate voltage is swept: (10,6), (6,2), (2,-2), (-2,-6) and (-6,-10). Hene p
+
p, nn
+
as well as
p-n juntions an be formed.
When the p- and n-regions ondense in a quantum Hall state, the bulk turns inom-
pressible and hiral edge hannels ow along the boundary in opposite diretions for the
p and n-regions. Previous experimental work on two-terminal p-n juntions in a strong
perpendiular magneti eld has shown that under quantum Hall onditions for both the p
and n-region edge hannels equilibrate eiently when they meet at the p-n interfae (5).
It gives rise to two terminal resistanes, whih are properly predited within the Landauer-
Büttiker edge hannel piture under the assumption of full equilibration (21). While these
previous studies foused on two terminal devies, here we address this physis in the four
terminal onguration. Apart from removing the ontat resistane ontribution, a four
terminal arrangement oers the advantage that one an measure voltage drops aross the
juntion before and after edge hannels interated on the opposite boundaries of the sam-
ple as shematially depited in 5e. For the p-n regime, the Landauer-Büttiker formalism
predits
Rb =
h
e2
(
1
|ν1|
+
1
|ν2|
)
and Ra = 0 (1)
before (Rb) and after (Ra) edge hannels interat along the juntion. If the arrier type
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is the same on either side of the juntion, these resistanes read
Rb = 0 and Ra =
h
e2
(
1
|ν1|
−
1
|ν2|
)
(2)
for the p
+
p or nn
+
-regime. ν1 and ν2 are the lling fators in the adjaent regions of the
sample. If in both regions the harge arriers possess the same polarity, edge hannels do
not interat along the juntion itself, but rather when those originating from the region
with a lower absolute lling fator have rossed the juntion (right panel of 5e). The above
desription assumes full equilibration of the eletrohemial potentials of the edge hannels
where they interat. As illustrated in the lower row of panels in 5e, inverting the diretion
of the magneti eld interhanges the Hall bar side where the interation of edge hannels
did not take plae yet with the Hall bar side where edge hannels have interated. The
formulas for Rb and Ra remain unaeted. Note that measuring the longitudinal resistane
on opposite sides of the Hall bar is equivalent to inverting the sign of the magneti eld.
A olor rendition of the longitudinal resistane Rxx as a funtion of the magneti eld
and the bak-gate voltage is shown in 5b. These data allow us to verify the above piture.
A hallmark of a four terminal Quantum Hall eet (QHE) experiment on a sample with
regions of dierent lling fators is the magneti eld-asymmetry of Rxx. In a graphene
devie without a juntion, the measurement of Rxx would yield a magneti eld-symmetri
Shubnikov-de Haas fan sine there is no distintion between the resistanes measured on
opposite sides of the sample. In the p-n juntion here, whih forms for bak-gate voltages
between -5 and -25V, one observes zero resistane for elds between 8 to 12T, while a
resistane of approximately 25.5 kΩ is reorded at negative elds -8 to -12 T (or equivalently
on the opposite edge of the sample). These two ases orrespond to the top and bottom left
panels in 5e when measuring the resistane aross the juntion using voltage probes at the
bottom of the Hall bar geometry. In the top left panel for positive values of the magneti
eld, the edge hannels originating from the soure and drain ontat have equilibrated
their eletrohemial potentials as they are jointly running along the juntion. There is
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Figure 5: Low temperature (1.5K) magneto transport behavior of a graphene p-n juntion reated by
seletive hemial doping. (a) Hall resistane Rxy in two regions with dierent doping measured as a
funtion of the gate voltage. The magneti eld is 12T. The doping dierene of about 15 V (1.2·1012 cm−2)
provides a preise overlap of neighboring lling fators. The drawing illustrates the devie geometry. (b)
Color rendition of the longitudinal resistane Rxx as a funtion of the magneti eld and the gate voltage.
The dotted lines belong to 5,d. () Plot of the horizontal line setions from 5b. The harateristi resistane
quanta h/e2, h/3e2 and h/15e2 are indiated by blak dotted lines. (d) Plot of the vertial line setions
from 5b. The grey/white region highlights the regime before/after edge hannel interation. (e) Shemati
of edge hannel mixing in 4-terminal geometry for the bipolar (p-n) and homopolar (p+p/nn+) ase and
for positive and negative magneti eld. The orange dots show where edge hannel equilibration most likely
takes plae in the two ases.
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no longer a dierene in the eletrohemial potentials when measuring at the bottom.
The reorded resistane is zero. For negative values of the magneti eld, edge hannel
potentials are probed prior to equilibration along the p-n interfae. Hene, the resistane is
determined by the potential dierene applied aross the soure and drain ontats. Sine
ν1 = −2 and ν2 = 2 we antiipate Rb = h/e
2
(Eq. 1) or 25812.807Ω. Our measured value
of 25.5 kΩ is within the preision of our experimental setup.
When the system ondenses either in a ombination of the (-6,-2) or (2,6) integer quantum
Hall states, the resistane drops to zero in both ases. This is again in line with the above
edge hannel piture. As seen in the bottom right panel of 5e, even though a dierent
number of edge hannels enters eah of the voltage probes, these edge hannels originate
all from the same ontat. Hene, the voltage probes oat to the same eletrohemial
potential. For positive values of the magneti eld (top right panel), the region with lling
fator ν1 (|ν1| < |ν2|) an support fewer edge hannels. The extra edge hannels whih
exist in the region with lling fator ν2 get reeted at the boundary (top right panel of
5e). After running along the juntion they mix with hannels originating from the other
ontat. From equation 2 we expet h/3e2=8604.269Ω whih is in agreement with the
observed value of 8535Ω. Also for the other ombinations of integer quantum Hall states
suh as for instane (6,10) the edge hannel piture with full equilibration performs very
well. This is best seen in the horizontal and vertial line setions through the data of 5b
plotted in panels  and d. Here, we nd zero resistane for the negative sign of the eld
and 1.67 kΩ or lose to h/15e2=1720.8538Ω for the positive sign.
In summary, we have investigated the inuene of vauum, elevated temperatures and
some gases on the eletroni properties of graphene. A hysteresis in the eld eet behav-
ior of graphene similar to what has been previously reported on arbon nanotubes, was
observed under ambient onditions. It was attributed to adsorbed dipolar moleules suh
as water. Pristine graphene samples are typially p-type doped at a level of 2·1012 m−2.
Vauum treatment redues the hysteresis and also partially removes dopants. Additional
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heat treatment under vauum is more eetive in removing the doping adsorbates. It also
improves the sample homogeneity as attested by an inreased value of the resistane at
the harge neutrality point, whih indiates an amplitude redution of the eletron-hole
puddle landsape. Ammonia has served as an n-type dopant. It has been used to om-
pensate the initial p-type doping without annealing. This hemial doping however leads
to an enhaned inhomogeneity as reeted by a redued resistane at the harge neutral
point. An asymmetry between eletron and hole mobilities an be observed. Finally, four
terminal magneto-transport studies were performed on graphene p-n juntions fabriated
by spatially seletive hemial doping. These studies revealed a strong equilibration of edge
hannels near the juntion.
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